Dietary undetermined anion (dUA) reflects, in part, the net acid load contributed by the diet. Although dUA is known to influence performance and nutrient metabolism of swine, a lack of knowledge impairs its application to diet formulation. This study was undertaken to separate the effects of dUA from the individual electrolytes that constitute its calculation. Eighteen 35-kg pigs were fitted with indwelling venous catheters and fed one of three barley and soybean meal-based diets: a control diet (C), an acidogenic diet containing calcium chloride (A), or a compensated acidogenic diet containing alkaline salts of sodium and potassium, as well as calcium chloride (CA). Compared with diet C, diet A lowered ( P < .05) blood pH, bicarbonate, and base excess and increased ( P < .05) urinary ammonium, titratable acid (TA), and net acid excretion (NAE). Diet CA returned blood acid-base values to normal and reduced urinary ammonium, TA, and NAE relative to diet A. Total nitrogen balance was unaffected by diet. Diet CA increased ( P < .05) water intake and urine output. Diet A, but not CA, increased ( P < .05) serum ionized Ca and Cl. Apparent Ca and S digestibility and retention were reduced by diet A, but not by CA. Sodium retention was enhanced ( P < .05) by diets A and CA; potassium retention was impaired ( P < .05) by CA. Dietary UA altered systemic and renal acidbase balance in pigs. Mineral, but not nitrogen, metabolism was affected by both dUA and specific ion effects.
Introduction
Dietary undetermined anion ( dUA) , calculated as (Na + K + Ca + Mg) − (Cl + P + S inorganic ) , represents, in part, the net acid or alkaline load contributed by the diet (Chan, 1974) . The other major contributor under most circumstances is likely to be oxidation of excess sulfur amino acids (Austic and Patience, 1988) . Because dUA is expressed in milliequivalents per kilogram, the individual electrolytes represent only a source of electrical charges; consequently, dUA by definition is independent of the specific physiological roles of the constituent mineral elements.
By considering only the electrical charges, dUA defines the net balance of fixed cations and anions present in the diet, and by extension the presence of counterbalancing metabolizable ions responsible for maintaining electroneutrality (Brosnan and Brosnan, 1982) . These metabolizable ions, such as lactate, acetate, or bicarbonate in the case of anions, or protons in the case of cations, are the moieties responsible for generating, respectively, the alkaline or acid load reflected in dUA.
Two principles are therefore clear. First, dUA is independent of specific ion effects (Patience and Wolynetz, 1990) and, second, the minerals involved in its calculation are used for analytical expediency only; they represent nothing more than sources of electrical charges in this instance. Although it is clearly understood that each mineral has unique metabolic roles, nutritionally, this is a separate subject. The objective of this study was to define changes in nutrient metabolism attributed to dUA, as distinct from those due to specific mineral effects.
Materials And Methods

Animals and Diets
A basal diet ( C) , based on barley and soybean meal, was formulated (Table 1 ) to meet or exceed all requirements for growing swine as defined by the NRC (1988). An acidogenic diet ( A) , with lowered dUA, was formulated by replacing all calcium carbonate with anhydrous calcium chloride. A partially compensated acidogenic diet ( CA) contained the same level of chloride as Diet A, but with supplements of sodium and potassium bicarbonates to elevate dUA. A combination of Na and K was used in an approximate 2:1 ratio to avoid the specific ion effects observed in earlier studies (Patience et al., 1986) . The diets were offered to the pigs as a coarse mash. A total of 18 Yorkshire × Landrace crossbred barrows weighing 35 ± 5 kg were randomly assigned to one of three dietary treatments and placed in individual steel metabolism crates to facilitate the separate collection of urine and feces. The experiment was conducted in three replicates, each consisting of six pigs (two per treatment). Body weights were recorded when experimental diets were first introduced and at the end of the collection period to determine average daily gain and the efficiency of feed conversion.
Following a 5-d period to allow the animals to adjust to their new surroundings, the test diets were introduced. Seven days later, the pigs were surgically fitted with venous catheters. Pigs were initially restrained and subsequently maintained under a surgical plane of anaesthesia using 4 to 5% halothane in oxygen administered at a flow rate of 3 to 5 L/min by snout mask. The catheter was inserted via the jugular vein into the vena cava until a slight venous pulse could be detected. The distal end of the catheter was exteriorized along the dorsal midline, caudal to the scapula. Five days later, total collection of urine and feces commenced and continued for 5 d. Blood was collected daily at 0800 and 1500, the times of feeding.
Feed intake was equalized across all pigs within each replicate to a level equal to that consumed by the pig with the poorest appetite. Distilled water was provided to appetite for 30 min after each feeding; unconsumed water was then removed to minimize the effects of behavioral polydypsia (Patience et al., 1987b) . Net water consumption was recorded. Apparent net water retention was calculated as the difference between total water intake, including feed water and drinking water, and water excretion via the urine and feces. Respiratory losses were not included in the calculation of water balance. The room housing the pigs was maintained at 20 ± 2°C.
Sample Collection and Analysis
Total fecal output was collected twice daily and immediately frozen. Urine was collected through a glass wool filter into acid-washed glass bottles containing a thin layer of mineral oil and maintained in ice. Twice daily, total urine output was collected and separated from the mineral oil, pH was determined, and a representative aliquot was frozen for later assay. At the same time, a representative aliquot was acidified with acetic acid for later ammonia assay. Feed samples were retained daily during the collection period for later analysis.
Whole blood samples were assayed for pH, pCO 2 , and pO 2 using an automated blood gas analyzer (ABL3, Radiometer, Copenhagen); bicarbonate and base excess were automatically calculated by standard procedures. All data were adjusted to a presumed body temperature of 39°C (Pond and Houpt, 1978) . Values for each pig were averaged over the 10 assayed samples. Single plasma samples collected on d 4 of the collection period were assayed for Na, K, Ca, Mg, P, urea, glucose, and total protein using an automated multichannel analyzer (DACOS I, Coulter Electronics, Burlington, ON). Ionized calcium was determined by specific ion electrode (Radiometer, Copenhagen, Denmark).
Feed and feces were wet-ashed using a mixture of nitric and perchloric acid and were assayed for Na, K, Ca, and Mg using atomic absorption spectrophotometry according to AOAC (1990) methods. Chloride was determined by the method of La Croix et al. (1970) . Phosphorus was determined by the molybdovanadate method (AOAC, 1990) . Urinary ammonia was determined using a specific ion electrode (Orion, Cambridge, MA); titratable acid and net acid excretion were determined by the method of Chan (1972) . Urinary urea was assayed using a commercial kit (Sigma Chemical, St. Louis, MO).
Statistical Analysis
All data were analyzed using a two-way ANOVA, separating the main effects and interactions between replicate and diet. If the main effects due to diet were found to be statistically significant ( P < .05), means were separated using Fisher's protected LSD test (Snedecor and Cochran, 1967) .
Results
Pigs fed the acidogenic (low dUA) diet ( A ) tended ( P < .10) to grow somewhat faster than those fed the control ( C ) or compensated (CA) diets (Table 2) . There was also a trend for improved gain:feed ratio on the acidogenic diet, although the difference was not statistically different ( P > .10). Water consumption, urine output, and water:feed ratio increased ( P < .05) in the compensated diet, but no effect on apparent net water retention was observed. No relationship between water intake or apparent water retention (water intake − urine output) and average daily gain was observed (Figure 1 ).
Blood acid-base status reflected the acidogenic nature of the diets (Table 3 ). The most acidogenic diet (dUA = 175 mEq/kg) reduced ( P < .05) pH, pCO 2 , bicarbonate, and base excess compared with Diet C. Diet CA, with an intermediate dUA, generated acidbase values that were between A and C. A similar pattern with respect to acid-base homeostasis was observed in the urine (Table 4) . Diet A decreased urinary pH and increased ( P < .05) daily excretion of ammonia, titratable acid, and net acid compared to C; pigs receiving CA were intermediate in all respects. Overall nitrogen balance was unaffected by diet; consequently, urea excretion changed in inverse proportion relative to ammonia excretion.
Serum total protein, glucose, Na, K, Mg, and P were unaffected by diet (Table 5) . Serum urea was Figure 1 . Relationship between average daily gain and daily water intake (a) or apparent water retention (b). Treatments are identified as control (ÿ), acidogenic (π), and compensated acidogenic (⁄). depressed ( P < .05) by elevated chloride, irrespective of dUA. Compared to pigs on Diet C, serum chloride was elevated in pigs fed Diet A but not in those fed Diet CA, even though both diets contained elevated chloride levels. Although total serum calcium was unaffected by diet, ionized calcium was elevated in pigs given Diet A.
Mineral balance in absolute quantities is summarized in Table 6 and as a percentage of intake in Table  7 . Sodium excretion in the feces was increased ( P < .05) in the high-Na diet (CA), but retention seemed to be related more to dietary chloride, because A and CA increased ( P < .05) percentage of retention. Apparent K digestibility was reduced by the low-dUA diet; net retention, however, was decreased in CA, the high-K diet. Apparent calcium digestibility and net retention were depressed ( P < .05) by low dUA. Magnesium and phosphorus balance were unaffected by diet. Chloride excretion in the urine and feces reflected dietary intake; however, overall retention was independent of diet.
Discussion
The lowering of dUA, resulting in a reduced concentration of metabolizable anions in the diet, would be expected to generate a metabolic acidosis in other animals (Halperin and Jungas, 1983) and, indeed, has clearly done so in pigs. Pigs receiving Diet A, compared to Diet C, had lower blood pH, bicarbonate, and base excess; their urine profile, with lower pH and higher titratable acid, ammonium, and net acid excretion ( NAE) , provides further indication of an increased dietary acid load. This is in agreement with the previously reported growth studies of Yen et al. (1981) and Patience et al. (1987a) , in which the feeding of CaCl 2 was reported to induce an acidemia in swine.
The addition of Na and K to the high-chloride diet (CA) allowed determination of whether a chlorideinduced acidemia could be compensated by Na and K. This would provide support for the use of dUA as a predictor of dietary acid or alkaline challenge in swine, as has been reported for humans (Chan, 1981) , as well as other mammals. Most critically, it would also allow for the separation of specific ion (chloride) effects from those due to dUA.
Based on a pig's response to CA compared to A or C, there is no doubt that dUA is a contributor to the acid or base load of the diet. The pigs responded as expected, with A generating a metabolic acidosis and CA resulting in an acid-base status intermediate between C and A. In other studies, pigs (Patience et al., 1986 ) and other animals (Oster et al., 1988) have demonstrated considerable efficiency in eliminating excess bicarbonate.
Considerably less work has been reported on renal output in swine in response to a dietary acid challenge. The early work of Scott (1971) is the only report we could find on the renal response of pigs to the feeding of an acid salt, and thus to lowering dUA. He observed a rise in NAE in response to the feeding of 200 mEq of acid per day; however, no change in urea excretion was detected.
The stimulation of renal ammoniagenesis in response to an acid load is normal (Madias and Zelman, 1986) , as is the inhibition of hepatic ureagenesis (Kashiwagura et al., 1984) ; however, the maintenance of overall N balance in response to an acute acid load of 7.9 mEq·kg −1 ·d −1 was less expected. Scott (1971) reported an apparent decrease in N balance in response to a daily acid load in pigs of only 3.7 mEq·kg −1 ·d −1 ; in his report, nitrogen balance per se was not recorded, although urinary ammonia increased with no change in urea. However, it is generally recognized that if the acid load is of sufficient magnitude, nitrogen balance will be impaired (May et al., 1986) .
Of particular interest in this study was the separation of effects due to depressed dUA from the specific ion effects due to elevated chloride. This became most relevant in the evaluation of mineral metabolism. For example, whereas total serum Ca was constant across treatments, ionized Ca concentration was depressed by Diet A, but not by CA. Because the equilibrium between total and ionized Ca is pHdependent (Brosnan and Brosnan, 1982) , this was not surprising. In any case, this was a response due to dUA and clearly was not a Cl effect.
We were particularly intrigued by the fact that serum Cl reflected changes in dUA and not Cl intake. This was not a novel discovery, because Scott and McIntosh (1975) observed the same effect in response to HCl infusion in growing pigs, as did Honeyfield and Froseth (1985) , who fed three levels of ammonium chloride. However, it emphasizes the distinction between physiological changes resulting from alteration in acid-base status as distinct from specific ion effects. Brosnan and Brosnan (1982) pointed out that ammonium chloride-induced acidosis differs from that generated by other acid salts, because it results in a hyperchloremia. Therefore, this observation should not be considered related to dUA but specifically to chloride-induced changes in dUA. It is clear that serum chloride levels cannot be used in isolation as an indicator of chloride intake or chloride status, due to this acid-base influence. Apparent mineral digestibility and retention presented a somewhat more complex picture. For example, apparent Na digestibility was related to intake, even though retention was associated with Cl intake. Apparent K digestibility was depressed by dUA, but retention was not. Interestingly, Ca digestion and retention were related to dUA.
Changes in calcium metabolism in response to dUA were not surprising because acid-base balance has a well-known influence on renal calcium excretion. For example, protein-induced hypercalcuria is thought to be related to the acidogenicity of high-protein diets. In fact, Lutz (1984) reversed the hypercalcuria of adult women by adding NaHCO 3 to their diet. This was similar to our observations that alkaline salts tended to reverse the hypercalcuria induced by calcium chloride. Sutton and Dirks (1975) using perfusion studies suggested that renal Ca reabsorption was impaired by acidosis.
The tendency of pigs on the low-dUA diet to grow faster and more efficiently is intriguing. Growth studies using ad libitum feeding regimens have universally concluded that such acidogenic diets depress growth rate and possibly feed efficiency due to reduced feed intake (Yen et al., 1981 , Patience et al., 1987a Patience and Wolynetz, 1990) . In this study, removing the influence of appetite provided quite a different result. The suggestion that water retention may be responsible is not supported by the data in Table 2 .
In summary, alteration of dUA in swine results in predictable acid-base changes in blood and urine. Nitrogen balance was maintained within the range of acidemia studied herein. Serum electrolyte profiles were unchanged, except for ionized calcium and chloride, which responded to dUA but not to dietary chloride levels. Mineral metabolism is affected in some cases by dUA, in others by dietary chloride concentration. Dietary undetermined anion is confirmed as a relevant factor in the nutrition of pigs.
Implications
Dietary undetermined anion (dUA) has been confirmed as a factor affecting the physiological status and nutrient metabolism in pigs. Even though the exact role of dUA in diet formulation remains less defined, it is clear that it is a factor that should be considered, particularly in diets that deviate from the typical grain-soybean meal standard. In particular, dUA should be considered in amino acid studies using purified or semipurified diets and in investigations of mineral metabolism.
